To correlate viability with attachment capacity, Mycoplasma gallisepticum cells harvested at different growth phases and treated by various agents were tested for their capacity to attach to human erythrocytes. The results show that viability per se is not essential for M. gallisepticum attachment to erythrocytes, as cells killed by ultraviolet irradiation and membranes isolated by lysing M. gallisepticum cells by various means retained attachment capacity. However, treatment of the mycoplasmas by protein-denaturing agents, such as heat, glutaraldehyde, or prolonged exposure to low pH, drastically affected or even abolished attachment, supporting the protein nature of the mycoplasma membrane components responsible for specific binding to the sialoglycoprotein receptors on the erythrocytes.
To correlate viability with attachment capacity, Mycoplasma gallisepticum cells harvested at different growth phases and treated by various agents were tested for their capacity to attach to human erythrocytes. The results show that viability per se is not essential for M. gallisepticum attachment to erythrocytes, as cells killed by ultraviolet irradiation and membranes isolated by lysing M. gallisepticum cells by various means retained attachment capacity. However, treatment of the mycoplasmas by protein-denaturing agents, such as heat, glutaraldehyde, or prolonged exposure to low pH, drastically affected or even abolished attachment, supporting the protein nature of the mycoplasma membrane components responsible for specific binding to the sialoglycoprotein receptors on the erythrocytes.
Attachment of mycoplasmas to the mucosal surfaces of a susceptible host is an important step in colonization and infection (7, 23, 26) . Extensive studies have shown that the human respiratory pathogen Mycoplasma pneumoniae and the avian pathogen Mycoplasma gallisepticum attach specifically to sialoglycoprotein receptors on the host cell surface (3, 4, 8, 11-16, 21, 22, 29) . Attachment to the sialic acid receptors is mediated through specific binding sites on the mycoplasma cell surface, apparently consisting of protein, as indicated by their susceptibility to trypsin (4, 8, 16, 18, 29) .
The recent finding that cell energization plays an important role in the attachment ofM. pneumoniae to glass (9, 10) prompted us to investigate the effects of the physiological state of mycoplasmas on their ability to adhere to eucaryotic cells. Information on this subject is fragmentary and inconclusive. Thus, treatment of mycoplasmas by heat, formaldehyde, glutaraldehyde, and low pH affected and, in some cases, abolished their capacity to attach to eucaryotic cells (16, 21, 22, 29) . Aging of M. pneumoniae cultures, accompanied by a significant drop in pH of the culture, decreased attachment capacity (4). Isolated M. pneumoniae membranes were found by Gabridge et al. (11) to attach to hamster tracheal organ cultures, in contrast to the findings of Hu et al. (17) . Our previous findings indicated that the major part of M. gallisepticum (3) and M. pneumoniae populations does not attach to erythrocytes (RBC). Careful assessment of the available data, using the experimental system we developed (3) for measuring M. gallisepticum attachment to human RBC, does not allow any definite conclusion to be drawn as to a possible correlation between mycoplasma viability, physiological state, and attachment capacity. The results reported here show that viability per se is not essential for M. gallisepticum attachment to RBC, as isolated mycoplasma membranes and cells killed by ultraviolet irradiation retained their attachment capacity. However, treatment of mycoplasmas by protein-denaturing agents, such as heat, glutaraldehyde, or prolonged exposure to low pH, drastically affected or even abolished their attachment capacity.
MATERIALS AND METHODS
Organism used and growth conditions. M. gallisepticum (A5969) was grown in a modified Edward medium containing 4% horse serum (27) 10 ,g/ml, and incubation was continued for another 15 min at 37°C. The suspension was then centrifuged at 27,000 x g for 40 min, and the pellet was resuspended in 2.5 ml of buffer A. (iii) In digitonin lysis, a pellet of washed cells was suspended in preheated 0.25 M NaCl to a final protein concentration of about 0.25 mg/ml, and 25,ug of digitonin per ml was added. Incubation was carried out at 37°C for 15 min in the presence of phenylmethylsulfonylfluoride.
Absorbance of the suspension at 550 nm had decreased by then from 0.70 to 0.15. The suspension was centrifuged at 27,000 x g for 40 min, and the pellet was resuspended in 2.5 ml of buffer A.
Glutaraldehyde fixation of M. gallisepticunL Cells at the mid-logarithmic phase were harvested and washed once with cold phosphate-buffered saline. The washed cells were suspended to about 1 mg of protein per ml of phosphate-buffered saline containing 0.05% (vol/vol) glutaraldehyde, and the suspension was stirred gently at 4°C for various periods of times. Reaction was stopped by adding 10 volumes of buffer A containing 0.05 M glycine, and stirring was continued in the cold for another 15 min. The cells were collected by centrifugation at 12,000 x g for 10 min, washed once, and resuspended in buffer A. The cell suspension was centrifuged at 400 x g for 4 min to remove aggregates, as described above, and was tested for viability by colony counts by the method of Butler and Knight (6) .
Neuraminidase treatment. RBC were washed and suspended in phosphate-buffered saline, pH 7.2, supplemented with 1 mM CaCl2. A solution (15 pl) of neuraminidase (test neuraminidase from Vibrio cholerae, 0.2 U/ml; Behringwverke AG, Marburg-Lahn, Germany) was added per milliliter of a 10% (vol/vol) packed RBC suspension. The suspension was gently shaken for 90 min at 37°C, and treatment was stopped as described by Banai et al. (3) .
Assessment of mycoplasma attachment. The RBC suspension was prepared by the method of Banai et al. (3) , and attachment of the labeled mycoplasma cells and membranes to the RBC was assessed according to radioactivity measurements as described in detail by Banai et al. (3) . The siliconized glass tubes were, however, replaced by plastic tubes, as the nonspecific attachment of the mycoplasmas to these tubes resembled that to the siliconized tubes.
Analytical procedures. Protein was determined by the method of Lowry et al. (20) . Sialic acid was determined by the thiobarbituric acid assay of Warren (31) as modified by Aminoff (1) . Radioactivity of tritium-labeled isotopes was determined by scintillation spectrometry, using a Triton X-100-toluene liquor (19) . RESULTS Attachment capacity of M. gallisepticum cells preexposed to RBC. We have previously shown (3) that the attachment capacity of an M. gallisepticum cell suspension preexposed to RBC was markedly reduced. Recently, using scanning electron microscopy, we have observed that mycoplasma aggregates also attached to RBC (24) . One could speculate that centrifugation and preexposure of the mycoplasmas to the RBC removed the aggregates (3), thus presenting a possible explanation for the difference in attachment capacities of the populations.
Another possibility could be that the reduced attachment capacity existed in nonviable organisms. We have, therefore, tested these possibilities. Most of the aggregates were removed by centrifugation (400 x g for 4 min), and although the supernatant was virtually free of aggregates, the pellet was composed mostly of cell aggregates that contained from 2 to 20 cells, as observed by phase-contrast microscopy. Centrifugation under these conditions decreased, by about 15 to 30%, the cell protein and, in correlation, also decreased the attachment capacity by about 30% (Table 1) . Attachment capacity of the centrifuged suspension was further reduced by about 75% after its preexposure to RBC. Nevertheless, viable counts in the preexposed suspension were about the same as in the original suspension. Neuraminidase treatment of the RBC decreased the attachment values obtained with the different mycoplasma suspensions to about the same level (Table 1) .
Relationship between growth phase and attachment capacity. The heavily inoculated M. gallisepticum cultures reached the decline phase at or before 20 h of incubation, as reflected by reduced viability and the significant drop in pH (Table 2) . However, the attachment capacity of cells from these cultures was not affected and even increased. A significant decrease in attachment capacity was observed only in the 48-h culture (Table 2) .
To test directly the effect of culture pH on Attachment of membrane preparations to RBC. Of the three methods used for membrane isolation, digitonin lysis appeared to be the best, as the membrane preparation obtained by this method contained the lowest degree of contamination by live cells (Table 4 ) and the highest 3H-palmitate-labeled lipid-to-protein ratio, indicating its relative freedom of cytoplasmic proteins (data not shown).
Attachment values of membrane preparations obtained by glycerol-and digitonin-induced lysis far exceeded those of intact cells (Table 4) . However, phase-contrast microscopy revealed that these preparations (preparation I, ment of the hamster cells. It should be stressed, however, that attachment of mycoplasma cells and membranes to the ciliated epithelium must overcome barriers that are nonexistent in RBC. The densely packed cilia and mucus covering the tracheal epithelium may permit only motile and flexible organisms to progress and adhere to the epithelial surface (5) . In this case, viability and cell shape may play a determinant role in attachment (17, 22) . In our studies, only membranes isolated by digitonin showed a lower specificity of attachment to sialic acid residues. This may be because the isolated membranes contain significant quantities of digitonin (2, 28) , differing from native membranes. The finding that isolated M. gallisepticum membranes may retain specific attachment capacity to RBC opens the way for isolation of binding sites from the membranes. High-affinity binding sites to glycophorin, the major sialoglycoprotein of human RBC, were recently isolated by us from detergent-solubilized M. pneumoniae membranes by affinity chromatography with glycophorin as the ligand (4).
Our results show that killing of the organisms by means which cause protein denaturation, such as heat, glutaraldehyde, and prolonged ex-posure to low pH, affects attachment capacity apparently by damaging the binding sites. The damaging effect of prolonged exposure to low pH is slow. Attachment capacity of M. gallisepticum was not affected even at the decline phase of growth, when the number of viable cells decreased at a fast rate (Table 2) . It is only after long exposure to acid pH, as in a 48-h culture, that attachment capacity decreases significantly. On the whole, these findings support the proteinaceous nature of the M. gallisepticum binding sites.
Our previous finding that only a small fraction (about 10%) of the M. gallisepticum cell population binds avidly to the RBC under our experimental conditions raised the possibility that the nonadherent fraction of the population consists of dead cells (3). Our present findings contradicted this explanation by showing that the nonadherent fraction contained about the same number of viable units as the original suspension. Nevertheless, this experiment (Table 1) brought up another important factor which must be taken into account in any quantitative evaluation of attachment of labeled microorganisms to eucaryotic cells-the factor of mycoplasma aggregation. Mycoplasmas tend to grow in aggregates (25) . Since aggregates may bind to RBC only through a few cells capable of attachment, the radioactivity readings will give artificially high attachment values, as they represent all cells in the aggregate, including those not in direct contact with the RBC. Removal of the large aggregates from an M. pneumoniae cell suspension by filtration reduced attachment values considerably (24) . The tendency of M. gallisepticum to form cell aggregates during growth is much less than that of M. pneumoniae (24, 25) . However, our present experiments reveal that cell aggregates are also present in M. gallisepticum suspensions, and the removal of the aggregates reduces attachment values by about 30% ( Table 1 ). The aggregation problem may be encountered also with membrane preparations, as was observed by us (Table 4) and by Hu et al. (17) . Aggregation may be due to the highly polymerized deoxyribonucleic acid released during cell lysis and causing the membranes to stick together. Treatment of membrane preparations with deoxyribonuclease has been recommended to overcome this problem (27) . We did not apply this means, however, as many deoxyribonuclease preparations are contaminated by proteases which may affect the mycoplasma binding sites (M. Banai, unpublished data). Hence, we had to resort to physical removal of aggregates by short centrifugation ( Table 4) .
The question of why the major part of the M.
gallisepticum cell population does not adhere to RBC remains open. Since our present data contradict an explanation based on lower viability or smaller cell aggregates in the nonadherent fraction, several other possibilities should be explored. Thus, it is possible that the nonadherent mycoplasmas possess fewer binding sites or that the distribution of these sites on the cell surface is not optimal. The binding sites may also be less exposed or masked by extracellular components. If M. gallisepticum cells attach to RBC primarily through their bleb structures, as was shown for attachment to other types of eucaryotic cells (30, 32) , then it is possible that the bleb in the nonadherent mycoplasmas is nonfunctional or even missing. Obviously, further studies are needed to examine the various possibilities and to clarify this point.
